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I. INTRODUCTION
The increasing interest in the spectra of doubly and trebly ionized rare-earth ͑RE͒ elements results partly from their connection with the crystal spectra of the divalent and trivalent RE salts. In fact, the comparison of the levels of the crystals with those of the free ions helps in a better understanding of the crystal forces that are responsible for a modification of the levels of the ion inside the crystals. These show complicated absorption and fluorescence spectra due to the multiplicity of the levels originating from the 4 f n configurations. It is clear, from these considerations, that the lanthanide ions can be used as a sensitive probe of crystalline structure of RE salts ͓1͔.
In astrophysics, the study of the composition of chemically peculiar ͑CP͒ stars reveals large overabundances of RE elements when they are compared with the chemical composition of the Sun ͑see, e.g., ͓2͔͒. Rather limited information, however, is available concerning the occurrence of third spectra of lanthanides in stellar sources, although their presence in some stars has long been recognized ͑see, e.g., ͓3͔͒. Doubly ionized terbium ͑Tb III͒ has been particularly little considered up to now in this context. The reason is that, although the strongest line of this ion appears to be present in the spectrum of some stars ͑e.g., HR 465 and HD 25354͒, not enough additional lines are identified to appraise the significance of the identification ͓4͔. Adelman and Shore ͓5͔, however, showed that Tb III was possibly present in the International Ultraviolet Explorer spectra of HD 51418, but this ion was not identified ͓6͔ in other CP stars. Tb III has been identified in Przybylski's star, which shows strong lines for the lanthanide ions when compared to the iron group elements, frequently dominant in ''normal'' stars. Although the identifications may be obscured by some blending problems, there is no reason to believe that the abundance of this element departs from the odd-even effect which is generally observed for the REs. A possible explanation is the hyperfine structure, but the more likely one is the fact that this element might be a factor of 5 or so less abundant than its even-Z neighbors. This point needs to be clarified on the basis of accurate atomic oscillator strengths.
Transition probabilities, if available, could also help for a more quantitative analysis of Tb III spectrum in the laboratory. Until now, however, no transition probabilities ͑either theoretical or experimental͒ are available for this ion, although such data are needed in plasma physics. Consequently, in this work, we report lifetime measurements of four levels of Tb III using time-resolved laser-induced fluorescence spectroscopy and a laser-produced plasma. Experimental data are compared with theoretical calculations performed within the framework of a relativistic Hartree-Fock ͑HFR͒ approach ͓7͔ including configuration-interaction and core-polarization ͑CP͒ effects. This comparison allows one to test the accuracy of the oscillator strengths of the transitions originating from four levels belonging to the 4 f 8 6p configuration and to derive a set of transition probabilities for this ion from a combination of the experimental lifetimes and the theoretical branching ratios.
The present work is part of an extensive program of lifetime measurements in doubly ionized REs. The results obtained so far concern the following ions: La III-Lu III ͓8͔, Ce III ͓9͔, Gd III ͓10͔, Er III ͓11͔, Pr III ͓12,13͔, Tm III ͓14͔, Yb III ͓15,16͔, Eu III ͓17͔, Nd III ͓18͔, and Ho III ͓19,20͔. See also the database of astrophysical interest, database on rare earths at Mons University ͑DREAM͒ ͓30͔ where extensive sets of transition probabilities are stored.
II. EXPERIMENTAL LIFETIME MEASUREMENTS
In the present work, the lifetimes of four levels belonging to the configuration 4 f 8 6 p were measured with a two-step excitation time-resolved laser-induced fluorescence technique applied to a laser-produced plasma. The experimental schemes are summarized in Table I .
The experimental arrangements used in the experiments have been described elsewhere ͑see, e.g., [10] [11] [12] 15, 16, [18] [19] [20] ions were obtained by laser ablation. Laser pulses, characterized by a 532 nm wavelength, a 10 Hz repetition rate, and a 10 ns duration, were emitted from a neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser ͑Continuum Surelite͒. The pulses, usually of energy in the 2-5 mJ range, were focused vertically onto the surface of a pure terbium foil, which was rotated in a vacuum chamber. After the pulses, a plasma containing Tb atoms and ions in different ionization stages expanded from the foil with different speeds. When Tb 2ϩ ions, moving faster than Tb ϩ ions and Tb atoms, reached the interaction zone at 1 cm above the foil, they were excited with suitable lasers into the levels under study. Two lasers were used to populate the ionic levels of interest in the experiment. First, a dye laser set with a wavelength of 614.767 nm, pumped by a Continuum NY-82 Nd:YAG laser with a pulse energy of 600 mJ and a repetition rate of 10 Hz, was employed to populate the intermediate level 16 261.84 cm Ϫ1 belonging to the configuration 4 f 8 5d. This laser, used as the first-step excitation light source, was sent horizontally to the center of the vacuum chamber, where it interacted with the ions. In order to excite the ions in the intermediate state to the levels measured, an injection-seeded Nd:YAG laser ͑Continuum NY-82͒ with a pulse duration of 8 ns, a repetition rate of 10 Hz, and a single laser pulse ͑energy of 400 mJ͒ was shortened with a stimulated Brillouin scattering cell down to 1 ns. The pulse was used to pump a dye laser ͑Continuum Nd-60͒, in which a DCM dye was used. The dye laser pulse was subsequently frequency tripled in a nonlinear optical system, consisting of a potassium dihydrogen phosphate crystal, a retarding plate, and a ␤-barium borate ͑BBO͒ crystal. According to the excitation requirements, shown in Table I , different-order Stokes stimulated Raman scattering components of the third-harmonic radiation were produced by focusing the harmonic radiation into a hydrogen conversion cell with a gas pressure of about 10 bars. The light of interest was selected using a quartz Pellin-Broca prism. The laser beam was also sent horizontally into the vacuum chamber in order to cross the first-step excitation laser beam above the foil.
The three Nd:YAG lasers used in the experiments were triggered externally by two digital delay generators ͑Stanford Research System model 535͒, which were connected mutually and employed to adjust the delay time between the two excitation pulses and the timing with regard to the ablation pulse. By properly choosing trigger parameters for the lasers, Tb 2ϩ ions were excited to the levels of interest when the ions reached the interaction zone. In the lifetime measurements, the first-step excitation pulse arrived at the ions about 20 ns earlier than the second-step excitation pulse. Fluorescence from the measured levels was imaged by two MgF 2 lenses onto the entrance slit of a vacuum monochromator, and the fluorescence selected by the monochromator was detected by a Hamamatsu R3809-58 photomultiplier. The time-resolved signal was acquired and averaged employing a digital transient recorder ͑Tektronix model DSA 602͒, and the averaged time-resolved fluorescence decay curve was sent to a personal computer for subsequent lifetime evaluation.
A detailed discussion of this type of measurements can be found elsewhere ͑see, e.g., ͓10-12,15,16,18 -20͔͒; only a brief account is given here. Before the measurements, a careful check was made to verify that there were no identified lines belonging to neutral Tb atoms and Tb ϩ ions in the spectral neighborhood of the excitation wavelengths given in Table I , and the ionic stage identification was further supported by studying the temporal behavior of the signals related to the plasma conditions. A magnetic field of about 120 G was added over the plasma zone by a pair of Helmholtz coils to reduce the plasma background light accompanying the signal recording. The background, nearly invisible after applying the field, is due to recombination between the ions and electrons in the plasma. The effect of the field is to cause the ions and the electrons to move in orbits of widely different radii, keeping them spatially separated.
In the measurements, the entrance slit of the monochromator was placed horizontally and opened maximally in order to efficiently collect the fluorescence. In order to obtain a smooth decay curve with a reasonable signal-to-noise ratio in the measurements, the curve was recorded by averaging fluorescence photons from more than 4000 pulses. During the experiments, a variety of experimental conditions were changed, including the intensity of the excitation laser, that of the ablation laser, and the delay time, which resulted in a modification of temperature and ionic density in the plasma. This resulted in a change of the fluorescence signal intensity by a factor of 4, but it was found that the lifetime values had no clear covariation. The lifetime evaluation was performed by fitting the fluorescence signal with a convolution of the detected excitation laser pulse and an exponential function with adjustable parameters. A typical curve is shown in Fig.  1 . About 10 curves were recorded for each level investigated, and the final lifetime result for each level was taken as the average of the data for the curves. The electronic bandwidth limitations of the detection system used in the present work were recently tested ͓9͔ by considering the lifetime of the short-lived Be I 2s2p 1 P 1 o level. The lifetime obtained, i.e., 1.79͑10͒ ns, for this level was found in excellent agreement with previous theoretical ͓21͔ and experimental ͓22͔ results.
The four deduced lifetimes are shown in the last column of Table II , where the error bars reflect not only the statistical errors but also a conservative estimate for possible remaining systematic errors. We give also in the same table the theoretical lifetime values obtained according to the procedure described in Sec. III hereafter.
III. CALCULATIONS OF LIFETIMES AND OF OSCILLATOR STRENGTHS
Terbium (Zϭ65) has only one stable isotope ( 159 Tb) and 23 short-lived isotopes and isomers. Doubly ionized terbium ͑Tb III͒ belongs to the europium isoelectronic sequence, a complex atomic structure of the lanthanide series. Its fundamental configuration is 4 f 9 and the only experimentally known excited configurations are 4 f 8 nl ͑nlϭ5d, 6s, and 6p͒.
The laboratory spectrum of doubly ionized terbium has been produced by a pulsed hollow-cathode source and the spectrum analyzed ͓23͔. At that time, 485 transitions were classified among the 2500 lines observed. They connect the 4 f 8 ( 7 F)5d configuration to the lowest 6 H and 6 F terms of the ground configuration 4 f 9 and also the 4 f 8 ( 7 F)6p con- Atomic structure calculations in a heavy and low-ionized atom, such as Tb III, are extremely complex. The simultaneous consideration, in the theoretical models, of both intravalence and core-valence interactions is crucial when performing calculations. These considerations apply also to most of the RE ions, as frequently pointed out in recently ͑see, e.g., ͓8,9,11-15͔͒.
In view of the huge matrix dimensions involved in the calculations, which are basically limited by the available computer capabilities, we were only able to consider explicitly, in the HFR model, the experimentally known configurations, i.e., 4 f 9 ϩ4 f 8 6 p for the odd parity, and 4 f 8 5d ϩ4 f 8 6s for the even parity. This set of configurations represents a total of 5194 possible energy levels. Due to the limited computer capabilities, we were not able to include the 4 f 7 5d 2 configuration in the calculation although this configuration is expected to overlap the known levels of 4 f 8 6 p. Indeed, according to Brewer ͓26͔, the lowest energy level of 4 f 7 5d 2 , i.e., 4 f 7 ( 8 S o )5d 2 10 F 3/2 o , should appear at 51 000Ϯ9000 cm Ϫ1 while the lowest 4 f 8 6p level ͓4 f 8 ( 7 F 6 )6p 1/2 (6,1/2) 11/2 o ͔ has been identified at 52 039.185 cm Ϫ1 ͓24͔. The limited set of configurations adopted in the theoretical model is, however, realistic because it is well established ͑see, e.g., ͓27͔͒ that the 4 f n 6s and 4 f n 6p levels of the third spectra of the rare earths do not interact strongly with other configurations, and that the radial energy integrals for these configurations are nearly constant along the period.
The core-valence correlation was introduced via a model potential and a correction to the dipole operator ͑see, e.g., ͓13͔͒. In order to consider these effects in the 4 f 8 nl type configurations, we used a dipole polarizability ␣ d equal to 6.55a 0 3 which corresponds to the tabulated value ͓28͔ for Tb IV. The cutoff radius r c was taken as the HFR mean radius of the outermost core orbital, i.e., ͗5p͉r͉5p͘ϭ1.52a 0 which corresponds to the HFR average value ͗r͘ for the outermost core orbitals (5p 6 ) of the investigated configurations. The transitions considered here are essentially of the type 5d-6p and 6s-6p and, for such transitions, the approach followed for expressing the CP effects should be entirely adequate.
CP effects were taken into account neither in the fundamental configuration calculation nor in the ͗4 f ͉r͉5d͘ transition matrix element calculation. In most lanthanide ions, the 4 f orbital is actually deeply imbedded inside the Xe-like core and so the analytical treatment used for the excited configurations is generally no longer valid with the consequence that the 4 f -5d transitions deserve a special treatment. A possibility to solve this problem, originating from the fact that the analytical core-polarization and core-penetration corrections to the dipole operator are no longer valid, consists in applying an empirical scaling factor to the uncorrected ͗4 f ͉r͉5d͘ radial matrix element ͓29͔. However, the introduction of this scaling factor was not attempted in the present work because no radiative lifetimes were accessible to the experiment for the even-parity levels ͑all of them being greater than 350 ns according to our calculation͒ and, consequently, it was not possible to test the introduction of the semiempirical correction factor needed for the radial matrix element. The HFR method was combined with a least-squares optimization process minimizing the differences between the experimental energy levels ͓24͔ and the eigenvalues of the Hamiltonian matrix. Six levels above 50 000 cm Ϫ1 , i.e., 56 025.375 (Jϭ3/2), 56 474.84 (Jϭ7/2), 56 694.12 (J ϭ5/2), 57 134.15 (Jϭ3/2), 61 883.195 (Jϭ5/2), and 62 578.475 (Jϭ5/2) cm Ϫ1 , for which no spectroscopic designations are given in the NIST compilation ͓24͔, were not considered for the fitting procedure. As already mentioned by Wyart ͓25͔, the first three levels could eventually belong to the 4 f 7 5d 2 configuration, which was not included in our physical model. All the radial parameters of the 4 f 9 , 4 f 8 6p, 4 f 8 5d, and 4 f 8 6s were adjusted semiempirically except the F 4 (4 f ,4f ) and F 6 (4 f ,4f ) integrals in 4 f 9 and the Instead, these parameters were fixed to 85% of their ab initio values. The mean deviations of the fits were found to be equal to 62 cm Ϫ1 for the odd parity ͑40 levels fitted with nine adjustable parameters͒ and 97 cm Ϫ1 for the even parity ͑65 levels fitted with 11 variable parameters͒. The ␣, ␤, and ␥ parameters, which represent some 4 f 9 core corrections and which are expected to carry out part of the interactions with distant configurations not introduced explicitly in the model, have been kept fixed to zero, in view of the small number of known core terms and of the sensitivity of these parameters to the choice of the configurations introduced explicitly in the model. The numerical values adopted in the present work for the radial integrals are given in Table III. Experimental and theoretical radiative lifetimes obtained in the present study are compared in Table II where we give, for 30 levels originating from the 4 f 8 6p configuration, both the theoretical values obtained without ͑HFR͒ and with (HFRϩCP) core-polarization effects. It is seen that the polarization does generally increase the lifetime values by about 30%. The agreement is very good ͑in fact within the experimental errors͒ when comparing the measurements of the present work with the HFϩCP results and appears as a quite remarkable result if one keeps in mind the difficulty of calculating the lifetime values for such complicated atomic structures.
Considering the experimental lifetime values and the theoretical branching fractions as obtained in the present work, it is possible to derive normalized transition probabilities. In Table IV , we present the transition probabilities for the strongest lines (log 10 gfϾϪ1.0) depopulating the levels for which the experimental lifetimes are reported in Table II . We include, in the table, the air wavelength ͑in Å͒, as deduced from the tabulated energy levels ͓24͔, the upper and lower levels of the transitions with the parity and J value, the weighted oscillator strengths on the logarithmic scale (log 10 gf ), and the weighted transition probabilities ͑gA͒, both normalized with the laser measurements of the present work. It has been verified that all the transitions quoted in Table IV are not affected by cancellation effects in the calculation of the line strengths and, consequently, the corresponding transition probabilities are expected to be accurate within a few percent. 
IV. CONCLUSIONS
A set of transition probabilities has been obtained for the 5d-6p and 6s-6p transitions depopulating four levels of Tb III belonging to the 4 f 8 ( 7 F)6p configuration. These A values have been determined from a combination of experimental lifetimes and HFR branching fractions but the theoretical model has been assessed by a comparison with experimental lifetimes measured by laser-induced fluorescence spectroscopy at the Lund Laser Center ͑Lund, Sweden͒. The agreement observed between theory and experiment strongly supports the set of theoretical lifetimes for the 30 levels considered and the corresponding A values obtained in the present work and stored in the DREAM database. The accuracy of the transition probabilities, depending mostly upon the uncertainties of the theoretical branching fractions, is expected to be within a few percent for the strongest lines. The uncertainties of the results for the weaker transitions could be larger for some transitions but their final assessment would require accurate experimental branching fractions for all the transitions concerned. These data are expected to help the physicists involved in the study of the crystalline structure of RE salts and to provide the astrophysicists with some atomic data needed for improving the determination of the chemical composition of chemically peculiar stars.
